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Abstract In the last decade there has been a remarkable increase in our knowledge
about core-collapse supernovae (CC-SNe), and the birthplace of neutron stars, from
both the observational and the theoretical point of view. Since the 1930’s, with the
first systematic supernova search, the techniques for discovering and studying ex-
tragalactic SNe have improved. Many SNe have been observed, and some of them,
have been followed through efficiently and with detail. Furthermore, there has been
a significant progress in the theoretical modelling of the scenario, boosted by the
arrival of new generations of supercomputers that have allowed to perform multidi-
mensional numerical simulations with unprecedented detail and realism. The joint
work of observational and theoretical studies of individual SNe over the whole range
of the electromagnetic spectrum has allowed to derive physical parameters, which
constrain the nature of the progenitor, and the composition and structure of the star’s
envelope at the time of the explosion. The observed properties of a CC-SN are an
imprint of the physical parameters of the explosion such as mass of the ejecta, ki-
netic energy of the explosion, the mass loss rate, or the structure of the star before
the explosion. In this chapter, we review the current status of SNe observations and
theoretical modelling, the connection with their progenitor stars, and the properties
of the neutron stars left behind.
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1 Introduction
1.1 Core-collapse supernovae and their importance
Neutron stars (NS) appear at the end point of the evolution of massive stars
(M > 8 M). At this stage, most of these stars have grown an iron core that cannot
be supported by hydrostatic pressure and collapses. In most of the cases it produces
a supernova (SN), releasing a gravitational energy of about ∼ 1053 ergs (mainly in
form of neutrino radiation), and leading to the complete destruction of the progen-
itor star (e.g. see [1]). SNe leave behind compact remnants, such as neutron stars
(NS) or black holes (BH) (e.g. see [2]). The first interpretation of a SN as a tran-
sition between massive stars and neutron stars was introduced by W. Baade & F.
Zwicky in the 1930s [3] in order to explain the extraordinary amount of energy lib-
erated. It still holds nowadays (see Section 2.3 for a detailed description about how
NS are born).
SNe are studied from multiple perspectives. They are crucial for a complete un-
derstanding of stellar evolution, being associated with NS and black holes (BH), as
well as with other extreme events such as gamma-ray bursts (GRBs; e.g. [4] or [5])
and X-ray flashes (XRFs; [6]), mainly connected to stripped-envelope core-collapse
SNe. SNe are also among the most influential events in the Universe regarding their
energetic and chemical contribution to the interstellar medium in galaxies [7]. In
fact, SNe are the major “factories” of heavy elements synthesized along the progen-
itors life and in the SN explosion itself, as well as sources of gravitational waves,
neutrinos, and cosmic rays (e.g. [8, 9, 10]). SNe also produce dust (e.g. [11]), and
induce star formation (e.g., [12]) since the shock waves generated in their explosion
heat and compress interstellar molecular clouds. Finally, they can be used as cos-
mological distance indicators, and to set constraints on the equation of state of Dark
Energy (e.g. [13, 14, 15]).
1.2 Brief history of supernova observations
Temporary stars, comets and novae, as well as occasional supernovae, were fairly
frequently recorded in East Asian history [16]. Possibly, the first supernova for
which written reports exist is SN 185, which took place in the year AD 185 in
the Milky Way Galaxy (precisely it occurred in the direction of Alpha Centauri).
The birth of modern SN astronomy occurred in 1885, when the first extragalactic
SN (S Andromedae or SN 1885A) was detected with a telescope [17]. In the 1920’s
scientists begun to realise that there was a particular class of very bright novae, and
a decade later, W. Baade & F. Zwicky [3] named this kind of event “supernova”.
The distinction between novae and supernovae was at first based on twelve objects
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discovered between 1895 and 1930, plus the galactic SN observed by Tycho in 1572.
Between 1936 and 1941, the first systematic supernova search was started by W.
Baade and F. Zwicky using the Palomar 18-inch Schmidt telescope and led to the
discovery of 19 SNe. In the same years, SNe were first classified as Type I or Type
II based on the lack or presence of hydrogen spectral lines, respectively [18]. This
subdivision is still the basis of the SN classification used today (Section 2.1 and
[19, 20]).
In the following years, the improvement of the instrumentation, the construc-
tion of new telescopes and also the numerous progresses in the understanding of
the stellar evolution, stimulated the research and cataloguing of the SNe. By the
Eighties, with the introduction of the CCD and the construction of larger diameter
telescopes, not only did the number of SNe observed grow but it was possible also
to obtain spectra with better resolution and to study their luminosity evolution for
long times. SNe classification became consequently more complex due mainly to
more careful comparison among the SNe, and the previous types of SNe were fur-
ther sub-categorised attending to the presence/absence of chemical elements other
than hydrogen.
Computer controlled search programs of SNe were initiated in the following
decade. Thanks to past and ongoing surveys (e.g. the All-Sky Automated Survey
for SuperNovae – ASAS-SN; [21], the ESA Gaia transient survey – [22], or the
Panoramic Survey Telescope & Rapid Response System – Pan-STARRRS; [23],
among numerous others), and to the efforts of amateur astronomers, the rate of SN
discoveries has dramatically increased, going from less than 20 SNe at the begin-
ning of the 20th century, to more than ∼ 200 SNe per year in the first decade of the
21st century, and finding today up to 1000s of events per year.
These technological advances also allowed SN searches at z > 0.2 (e.g. Dark
Energy Survey – DES1), and the multi-wavelength observation of SNe. The optical
band has played a fundamental role in the knowledge and classification of the SNe,
but with the technological progress, it has been possible to observe the SNe in the IR
bands, and in the radio, ultraviolet (UV) and X-ray. In particular, with the explosion
of the SN 1987A in the LMC, the closest extragalactic SN observed (50 kpc), it
has been possible also to directly identify for the first time the SN progenitor in
archival images and to detect the neutrino flux produced during the explosion (see
e.g. [24, 25] for reviews).
To further complicate this scenario, these new generation of deep, and wide
surveys, are discovering new types of transients with unprecedented observational
characteristics, as we will describe in Section 3.1. For example, it has been found
extreme SNe types such as superluminous SNe, hundreds of times brighter than
those found over the last fifty years (MV < −21 mag), whose energy regime is not
explained by the standard core-collapse and neutrino-driven mechanisms. Or ultra-
faint SNe (MV >−14 mag), which are characterized by a very low explosion energy
(∼ 1049 ergs) and small amount of 56Ni mass (< 10−3 M).
1 http://www.darkenergysurvey.org/
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The wide variety of classes of SNe has also shown that core-collapse supernovae
(CC-SNe) present observational heterogeneity, consequence of the different proper-
ties of the progenitor star at the moment of the explosion, their energetic, angular
momentum, and environment. Thus, in the last decades SNe have been studied in
order to better establish the link to their progenitor stars and thereby to clarify the
evolution of massive stars. This make the SNe a very valuable probe of mass loss,
circumstellar structure, and star formation rates. For nearby CC- events it has been
possible to directly image the precursor star in pre-explosion images (mainly from
the archive of the Hubble Space Telescope, HST) and to verify its disappearance
years after the SN exploded ([26, 27] and Section 2.2.2).
1.3 The theoretical perspective
In parallel to the observations, our theoretical understanding of the processes leading
to the formation of a neutron star as a result of a supernova explosion has grow sig-
nificantly in the last century. Although the basic scenario was set by W. Baade & F.
Zwicky in 1934 [3], it was not until the 1960s, with the appearance of the first mod-
ern computers, that a significative progress was achieved. It was established that the
collapsing core should bounce when reaching nuclear matter density [28, 29] and
suggested that the primary energy source in supernova explosions should be in form
of neutrino radiation [30]. The basics behind most advanced models nowadays was
set by H. A. Bethe and J. R. Wilson [31] in the so-called delayed neutrino-heating
mechanism. They realised that, when included the most sophisticated microphysics,
a prompt explosion after bounce was not possible, but the energy deposited by neu-
trino radiation could revive the shock and power the explosion. We know now that
multidimensional effects play a primary role in the explosion, and that a compre-
hensive numerical modelling of the scenario including all relevant physical effects
is a computational challenge (see e.g. [32, 1, 33, 34]). Therefore, our current un-
derstanding of the supernova mechanism relies heavily in the results of numerical
modelling and the progress in the field has tracked closely the improvements of
modern supercomputers and the development of high performance computing.
However, in order to understand the plethora of observations it is not sufficient
to be able to model numerically the collapse of massive stars. One also has to be
able to link these explosions with their progenitor stars, make predictions of how
common or uncommon each type of event is, and what are the consequences for the
galactic environment in which they live. The complete picture can only be achieved
with the help of the complementary discipline of stellar evolution (see e.g. [35]).
Even if more than 2500 CC-SNe have been discovered so far, it is still missing a
complete picture of this progenitor-explosion link. In order to better understand the
way in which these stars end their evolution, it is necessary to get stronger con-
strains of the physical characteristics of the progenitor stars alongside the explosion
parameters through the observation of SNe, and thus test and constrain the models.
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At the same time, studying compact remnants like neutron stars, we can determi-
nate explosion conditions and understand associated phenomena such as mass loss,
r-process nucleosynthesis, gravitational waves and neutrino emission.
1.4 Aim
The aim of this work is to review the current knowledge about supernovae as the
place of birth of neutron stars from both an observational and a theoretical perspec-
tive. In Section 2 we review the status of observations of core-collapse supernovae
and our current knowledge about the scenario in which these explosions are pro-
duced. In Section 3 we discuss the present challenges and future perspectives in the
field.
2 Current status of supernova observations and modelling
2.1 Traditional supernova types
As we see in Section 1.2, the first fundamental classification was given by [18] who
distinguished the SNe in two different classes based on the lack (SNe I) or presence
(SNe II) of hydrogen lines such as Hα 6563 A˚ and Hβ 4861 A˚ in their early spectra.
Since SNe can be very different one from another as to spectral features (i.e. chem-
ical composition, physical conditions), photometry, overall SED (spectral energy
distribution), time evolution, radio and X-ray properties, in the 1980s sub-classes
were introduced such as Ib, Ic, II-P, II-L, IIn, IIb which are related to characteristics
of their spectra (small letter) or light curves (capital letter).
The SNe of type I are subdivided in three subclasses, depending basically on the
presence or absence of Si II and He I in the spectra (see left panel of Fig. 1). Type
Ia SNe spectra present the line of Si II (rest wavelength 6347, 6371, and 6150 A˚) in
absorption, while the spectra of the SNe Ib do not have these features but are charac-
terized by pronounced lines of He I, such as those at 5876, 6678 and 7065 A˚. Finally,
the SNe Ic do not show Si II nor He I lines (or He I is very weak). Within this last
subclass, we can distinguish events with fast-expanding ejecta (v ∼ 20000 km s−1),
named broad-line SNe Ic (Ic-BL) or hypernovae. These transients are sometimes re-
lated to long gamma-ray burst or X-ray flashes (SN 1998bw is the prototypical SN
Ic-BL, discovered at the same time and location as GRB 980425; [4]). Currently,
it is known that type Ia SNe arise from the thermonuclear runaway of an accreting
white dwarf (WD), whereas Type Ib and Ic originate from the core collapse of mas-
sive stars that had lost their hydrogen, or hydrogen plus helium envelopes before
explosion, respectively.
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Fig. 1: Left: Representative spectra near maximum light of the main SN types
(SN Ia 2011fe [36], Type Ib iPTF13bvn [37], Type Ic SN 2007gr [38], and Type II-
P SN 1999em [39]). The most prominent spectral features are indicated. The spectra
are available in the public WISeREP repository [40]. Right: Average light curves of
the main SN types [41].
The SNe II are also believed to be CC-SNe whose progenitors have retained (at
least part of) their outer envelopes before exploding, reason for which their spectra
are dominated by hydrogen lines all the time. As shown in the right panel of Fig. 1,
SNe II are sub-classified as SNe II-P and SNe II-L, based on their light curve shape.
The former exhibit light curves that decrease slowly after maximum for about three
months displaying a “plateau”. The light curve of SNe II-L shows instead, a linear
decline starting shortly past maximum. Recently, it has been argued that these two
subclasses are at the extremes of a continuous distribution of SNe with different
light-curve slopes (e.g. [42]).
This classification, based on early phase spectra, is normally used when a new
SN candidate is confirmed, but it is not always accurate, as it can also be that the
appearance of a SN can change in time due to the characteristics of the progenitor
or to those of the circumstellar material (CSM).
During the last part of the 1980s and the 1990s, the family of CC-SNe begun
to grow with the identification of various sub-types. The SNe IIn (named after
the detection of narrow emission lines in their spectra) present blue continuum
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spectra, with Balmer emission lines formed by several components that evolve in
the time in various ways [43]. The narrow component, with inferred full-width-at-
half-maximum (FWHM) velocities from a few tens to a few hundreds km s−1, are
believed to arise from photoionised, slowly expanding gas which recombines and
emits photons. This gas, most likely expelled by the progenitor star during the last
phases of its evolutions, is located in the outer CSM and is not perturbed by the
SN ejecta, at least during the early phases of the SN evolution. At later phases,
intermediate-velocity line components (FWHM of a few thousands km s−1) may be
generated when the high velocity SN ejecta (a few 10−4) collides with the dense pre-
existing CSM. Although the interaction may mask the innermost ejecta (as well as
the explosion mechanism; [44]), in some cases, particular geometric configurations
may also favour the detection of high-velocity components (a few 10−4 km s−1)
arising from the photoionised SN ejecta. SNe IIn light curves are instead quite het-
erogeneous, showing both slow and fast declining SNe, as well as faint (MR &−16
mag) and very bright (MR . −19 mag) objects (e.g. [45] for a sample of SNe IIn).
Note that recently it has been discussed that SNe IIn are not really a SN type, but an
external phenomena where any type of SN (due to thermonuclear or core-collapse
explosion) or not terminal outburst with fast ejecta and sufficient energy, interact
with a slower and denser CSM. It produces a phenomena which appears or mimic
what we know as a SN IIn. Therefore this sub-class is more commonly named “in-
teracting SNe” (e.g. see [46]).
Finally, the spectrum of the SNe IIb is similar to that of the SNe II-P and II-L
during maximum light, i.e. it has strong lines of H, but in the following week it
metamorphoses to that of SNe Ib. This points out a physical link between these two
classes (SN 1993J represents the prototypical object of this subclass; [47]), suggest-
ing that SNe II and SNe Ib/c share a common origin, i.e., the CC of a massive star,
but with just different amounts of stripping on the progenitors’ outer layers.
Together the Type II-P and II-L represent the majority of CC-SNe (considering
a volume-limited rate in the local Universe; [41]). Almost 9% is formed by inter-
acting SNe. H-poor SNe (SNe IIb, Ib, Ic) constitute instead the remaining ∼ 37 %.
Recently, [48] find similar rates for CC-SNe groups considering a redshift range
0.15 < z < 0.35. Rare events like SN 1987A-like objects are estimated to form ∼ 3
% of the CC-SN population [49].
2.2 Observational constraints on the progenitors of core-collapse
supernovae
In the last decades SNe have been studied in order to better establish the link to their
progenitor stars and thereby to clarify the evolution of massive stars.
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2.2.1 Observables of core-collapse supernovae
Indirect clues about the SN origin can be derived from the interaction of the ma-
terial dismissed during the explosion with dense circumstellar medium lost by the
progenitor during its turbulent life, or as said before, from their light curve and
spectral evolution.
Light curves
The first observable of electromagnetic radiation from a SN is the shock-breakout. It
is a short time scale (minutes for SNe with compact progenitors) in which the shock
wave produced during the collapse of the stellar core, reaches the stellar surface. In
this instant a flash of soft X-rays and ultra-violet (UV) photons are released. The
shock-breakout was directly observed in X-rays for the type Ib SN 2008D [50],
whereas the fast cooling tail (due to the adiabatic expansion of the ejecta) after the
shock-breakout has been observed in optical and UV bands for a few other objects
(e.g. SNe 1993J and 2013df [51]). This post shock-breakout phase mainly depends
on the progenitor radius (e.g. [52]).
Successively, the photons gradually leak out of the photosphere in a diffusion
time scale (tdi f f ∝ ρκR2, where ρ is the density, κ the opacity, and R the SN ra-
dius) shorter than the expansion time scale (texp = R/V , where V is the expansion
velocity). During this period (tens to days) the thermal shock energy decreases as
the ejecta expands, and the radioactive decay of 56Ni (produced in the explosion,
which has a lifetime of 8.8 days) and 56Co (lifetime of 111.3 days) becomes im-
portant, reaching a peak of luminosity. After this maximum the SN ejecta continue
to expand and cool, eventually arriving to the hydrogen recombination temperature
of the ejecta. While the recombination wave moves inward through the ejecta, the
temperature remains practically constant. Hence, depending on the mass of the hy-
drogen envelope and the radius of the SN progenitor star, the SN luminosity could
show a constant or plateau phase (e.g. the case of the SNe Type II-P), or a steep
decline after maximum light (e.g. the SNe Type II-L).
Once all the hydrogen has recombined, i.e. at late time (t > 100 days), the light
curve declines at the rate of the decay of 56Co→ 56Fe (0.0098 mag d−1). The late
time light curve observations are useful to determine the mass of 56Co (and hence
synthesized 56Ni). At times later than 1000 days past explosion, other radioactive
elements with longer half-lives such as 56Co and 56Ti power the luminosity evolu-
tion of the CC-SNe.
Physical parameters from the SN explosion like the kinetic energy of the ex-
plosion, the total ejected mass, the mass of 56Ni synthesized and the radius of the
progenitor, can be estimated through the fit of the SN bolometric light curves by
semi-analytic functions (e.g. [53]) or more sophisticated hydrodynamical models
(e.g. [54]). More details about the SN modelling can be found in Section 2.3.2.
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Spectral evolution
SN spectral time evolution are a scan through the SN ejecta. They are important to
study the chemical compositions of SNe and their progenitors, and the kinematic of
the SN ejecta. A clear example is their utility is to classify SNe.
During the early phases or photospheric phase, the SN ejecta are not completely
transparent and only the outer layers of the ejecta are observed. Consequently, spec-
tra are characterized by showing a black-body continuum superposed by absorption
and/or emission lines (e.g. see [55] for a detailed review). These features are broad
because the SN ejecta is expanding at high velocity. They often show P-Cygni pro-
files with blue-shifted absorption and red-shifted emission components. Precisely
via the absorption component of the P-Cygni profile it is possible to measured the
velocity of the region at which the line predominantly forms (through the Doppler
effect).
Late-time (nebular) SN spectra, taken several months after the explosion, are a
unique way to peer into the very centre of the exploded stars. At those phases the
opacity for optical photons has dropped substantially due to the expansion of the
ejecta, so that the innermost parts, which were previously shielded by an effective
photosphere, are now uncovered. The inner ejecta composition, unveiled by the neb-
ular emission lines, is one of the most powerful tools to constrain the mechanism
that gave rise to an explosion, since they all have a characteristic and widely unique
nucleosynthesis. Late time spectra are characterized by strong emission lines on top
of a faint continuum. Also the profile of a nebular emission line carries important
information. The width of an emission line is a measure for the radial extent of the
emitting species, and the detailed shape encodes asymmetries in its spatial distribu-
tion (e.g. [56]).
When the SN ejecta interact with the CSM, the spectra present a blue continuum
with superposed narrow emission lines, arisen from the CSM ionized by the shock
interaction emission. If the CSM is thin, it is also possible to observe broader emis-
sion lines from the ionized ejecta.
The radiative-transport modelling of the SN late-time spectra can give us infor-
mation about the kinematics of the ejecta and constrain the SN progenitor masses
(e.g. [57]). For example, considering the sensitive dependency of the oxygen nucle-
osynthesis with the main-sequence mass of the star, the modelling of the [O I] 6300,
6364 A˚ features helps us to constrain the progenitor mass (e.g. [51]).
Supernova remnants
Studying the observed properties of young SN remnants (SNR) is also an indirect
path to connect with the SN progenitors (e.g. see the reviews [58, 59]). The remnant
phase begins when, after the light from a SN fades away, the ejecta in expansion,
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cools down, and strongly interacts with the surrounding material, either the interstel-
lar medium (ISM) or a more or less extended CSM modified by the SN progenitor.
Thus SNR provide detailed information on the chemical composition of the ejecta,
the explosion dynamics, and the progenitor star mass loss distribution. The most
notable cases are the Galactic SNR Cassiopeia A, and the youngest know remnant,
SN 1987A, in the Large Magellanic Cloud. The advantage of the study of Galactic
SNR is that they can be resolved in fine detail. However, their link with CC-SN is
complex given the large diversity of the CC-SN explosions and circumstellar envi-
ronment, and the large mass range of the progenitors.
2.2.2 Searching for SN progenitor stars
Still, the killer case is made with the direct identification of the star prior to ex-
plosion. Until the early 90s, only nearby events such SNe 1987A (∼ 50 kpc; [60])
and 1993J (∼ 3.6 Mpc; [61]) have allowed the direct progenitor identification in
pre-explosion images. In recent years over a dozen CC-SN progenitors have been
identified based on the inspection of archival, pre-explosion images. The identifi-
cation relies on the positional coincidence between the candidate precursor and the
SN transient. This requires high spatial resolution and very accurate astrometry be-
cause, at the typical distance of the targets (> 30 Mpc2), source confusion becomes
an issue. In practice, only HST or 8-m ground-based telescopes mainly provided
by adaptive optics images can be used to accurately pin-point (with a typical un-
certainty of a few tens mas) the progenitor candidate. Even so, there is always the
chance of mis-identification with foreground sources or associated companion stars.
Thus, a final approach is visiting the SN field when the SN has weakened: if the
candidate star has disappeared, then it was indeed the progenitor, otherwise it was a
mis-identification (e.g. see [64],[65], and Fig. 2).
Once a progenitor star candidate is identified, its initial mass and evolutionary
state before the CC can be estimated by comparing its brightness and colour (if
multi-colour imaging is available) measured with stellar evolution models. These
models are chosen taking into account the metallicity in the SN environment, and
the distance and the extinction to the star, derived from detailed light curves and
spectral evolution of the SN with ground-based data (see Section 2.4 for a discussion
about stellar evolution models).
Taken together, the availability and depth of archive images of nearby galaxies
is a determining factor that delimits the rate of SN progenitor stars identified. There
is an approximate probability of about 25% to find an image of the host galaxy of a
nearby SNe in the HST archive [26].
Following the above or similar steps, direct detections or upper mass limits have
been established for progenitors of some types of SNe:
2 This distance limit is based on practical experience. [26] and [62] set to 28 Mpc the distance
limit for a feasible search of SN progenitors, although there are exceptions such as the massive
progenitor of SN 2005gl at 60 Mpc [63].
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Fig. 2: Subsections of the pre-explosion (panel a), post-explosion (panel b), and
late-time (panel c) HST image of the SN 2010bt site. SN 2010bt is likely a Type IIn
SN and its progenitor was a massive star that experienced a powerful outburst. The
positions of the SN candidate progenitor and SN are indicated by circles each with
radius of 3 pixels (between 0.08 and 0.15 arcsec), except for panel c, for which the
radius is 6 pixels (∼ 0.23 arcsec). The positions of three neighbouring sources of
SN 2010bt, “A”, “B”, “C”, and “D” are also indicated.
• Type II-P: Based on the statistics of around 15 SNe II-P, it appears that all of these
progenitors exploded in the red supergiant phase from stars with initial mass range
of 8-18 M, as we would theoretically expect (see Section 2.4.2). However there has
been no detection of a higher mass stars in the range 20-40 M, which should be
the most luminous and brightest stars in these galaxies. This has led to the intrigu-
ing possibility that higher mass stars undergo core-collapse, but form black-holes
which prevents much of the stellar mass escaping the explosion [66]. Theoretically,
such quenched, low energy explosions have been proposed. Our lack of detection of
high mass progenitors could be evidence for this missing population [67, 26]. But
exceptions exist as the case of SN 1987A, considered a peculiar SN Type II because
in spite of exhibiting prevalent hydrogen P-Cygni profiles in the early spectra, it
had slow rise to maximum, faint, and broad light curves. Its progenitor was instead
found to be a blue supergiant of around 14-20 M, with a hydrogen envelope of
around 10 M.
• Type II-L: Only in a couple of cases, e.g. SNe 2009hd [68] and 2009kr [69, 70],
the progenitor has been identified and related with more yellow stars than expected
by theoretical stellar evolution models, with estimated initial mass of between 18-
25 M. However, a recent work argues that the progenitor of SN 2009kr is most
probably a small compact cluster [71]. It should be noted that it is no clear the
separation between the historically defined SNe II-P and SNe II-L.
• Type IIb: These SNe likely originate from binary stripped progenitors with masses
in the range 12-18 M. The precursor of the prototype SN 1993J (exploded in M81)
was a K-type supergiant with ∼ 15 M with a B-type star as companion (e.g. [64]).
In addition, it has been identified the progenitor of other four SNe IIb. SN 2011dh
was found to have a yellow supergiant precursor [72, 73, 74], likely part of a binary
system with a compact companion [75], and with relatively low initial mass (∼
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13 M). This result was confirmed by the disappearance of the bright yellow star
[65], and the detection of a UV source at the SN position [76]. The progenitors of
SNe 2013df [77] and 2016gkg [78] have been also associated with moderate mass
yellow supergiant stars of 13-17 M. Only in the case of SN 2008ax, the colours of
the progenitor candidate might be those of a young Wolf-Rayet (WR) star (single
massive stars that have lost their hydrogen envelopes and in some cases also helium
layers), which had retained a thin, and low-mass shell of H, or with a system which
has contaminated flux from an associated cluster or nearby stars [79].
• Type Ib/c: It has been proposed that these SNe arise from either massive stars with
initial mass > 25-30 M (which have lost their outer hydrogen envelopes during a
WR phase through radiatively driven winds or intense mass loss) or lower mass stars
8 < M < 30 M in a binary system (which have been stripped of mass by their com-
panion stars). Deep, high resolution images of pre-explosion sites of about 14 type
Ib/c SNe have been analysed so far [62, 80], but with not detections of progenitors,
or progenitors systems in any of these. The probability of not finding a progenitor
if these SNe originate from WR stars with initial masses > 25 M similar to those
seen in the Milky Way and Magellanic Clouds is only 12 %. Although some authors
argue that the parameters derived for the observed WR population do not correspond
to those of WR stars at the point of collapse [81, 82]. In short, it is still not possi-
ble to set range of masses, or discriminate unambiguously between single WR stars
or interacting massive stars in binary systems as the progenitors of Ib/c. Only for
the case of iPTF13bvn [37] a possible WR was detected at the position of the SN.
However, further detailed stellar evolution modelling indicates that the progenitor
candidate is a better match to a low mass progenitor in a binary system [83, 84].
The recent analysis of post-explosion observations of the iPTF13bvn site finds the
disappearance of the progenitor of iPTF13bvn, which is most likely a helium giant
of 10-12 M rather than a WR star [85].
• Interacting SNe: Some successful detection of progenitors of interacting SNe re-
lated these with either high luminosity or high-mass progenitors. A clear progenitor
detection is the case of SN IIn 2005gl [63, 86] which exploded at the same location
as a luminous blue variable (LBV) star. For SN 2010jl [87] it was also found blue
flux coincident with the SN, likely from a very young cluster or a single massive
star. [87] argues that the initial mass of the progenitor should be, in any case, > 30
M. In addition, the SN Ibn 2006jc precursor was observed as a carbon-oxygen WR
star embedded within a helium circumstellar medium with a mass between 60 and
100 M[88]. It has been found pre-explosion outbursts for some of these objects. In
fact, [89] allege that this activity is common in SNe IIn. As we will discuss in more
detail in Section 3.1, some interacting SNe show pre-SN photometric variability of
the precursor stars which are invaluable to characterise the final stages of the pro-
genitors. The most famous example is SN 2009ip for which were observed regular,
but temporally sporadic, series of stellar eruptions in 2009 and 2012, before a final
outburst in late 2012 (e.g. [90, 91, 92, 93]). A luminous progenitor for this transient
(MV = -10) was detected in HST archival images taken in 1999 [94, 95]. The nature
of this transient or those of similar objects remains debated: some are undoubtedly
genuine core-collapse SNe, while others may be giant non-terminal outbursts from
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LBV-like stars. The LBV progenitor scenario for SNe IIn is currently the favoured
one, but given the large variety of this SN class it is natural to think about the exis-
tence of multiple precursor channels. For example, it has been suggested alternative
scenarios such as a merger burst event in a close binary system (e.g. [96]), or the
collision of the SN ejecta of a red supergiant with the surrounded photoionization-
confined shell formed through repeated mass loss events [97].
Fig. 3 shows a Hertzsprung-Russell diagram with a summary of the detected
progenitor stars and estimated upper limits of the main SN types [27]. As we can see,
although it is possible to delimit observationally SNe with their stellar progenitors,
there are still many unknowns. Each case we study provides new clues.
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Fig. 3: Hertzsprung Russell diagram showing the temperature and luminosity of
the detected progenitor stars and upper limits of the main type of SNe presented in
Section 2.2.2 and [27]. For comparison, model stellar evolutionary tracks from [98]
are also illustrated (figure reproduced from [27]).
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2.3 Theory of core collapse supernovae
Massive stars, with masses between ∼ 8 and ∼ 100 M, end their lives collapsing
under their own gravity. However, the most common kind of progenitors for nearby
supernovae and the likely origin of most observed neutron stars consist of isolated
(or non-interacting) massive stars of a mass between 9 and 30 M and solar metal-
licity. We focus next on the case of a typical star of this kind while other kind of
progenitors are explored in the next sections.
2.3.1 The collapse of a typical star
In a typical star, the original material from which it was built, mainly hydrogen,
has experienced a series of thermonuclear reactions leading to a stratified onion-like
shell structure result of the intermediate ashes of fusion chain reactions. The inner-
most region, the core, is composed by elements of the iron family, which posses the
highest nuclear binding energy per nucleon and hence are unable to fusion further
regardless of the density and temperature. The iron core is fed by the surrounding
silicon burning shell and it grows until it reaches a mass of 1.2− 2 M, which is
just below its Chandrasekhar mass [99]. Typical conditions in the iron core, which
determine its Chandrasekhar mass, are an electron fraction of Ye ∼ 0.42, a specific
entropy of s∼ 1 kB per baryon (kB being the Boltzmann constant), a temperature of
T ∼ 1010 K (about 1 MeV) and a central density of ρ ∼ 1010 g cm−3. The Fermi
energy of this gas of partially degenerate electrons is εF ∼ 8 MeV, therefore, finite
temperature corrections are important for the estimation of the “effective” Chan-
drasekhar mass [35], which reads
MCh
M
= 5.83Y 2e
[
1+
(
pikBT
εF
)2]
≈ 1.03
(
Ye
0.42
)2[
1+0.15
(
kT
1MeV
)2]
(1)
At this point the iron core starts collapsing due to two processes: first, elec-
tron captures by nuclei reduce the electron pressure while the neutrinos produced
carry away energy from the core. Second, at densities above 1010 g cm−3, photo-
disintegration of iron nuclei into alpha particles cools down the core. Both processes
reduce the value of the Chandrasekhar mass until the pressure is not able to counter-
act the self gravity of the object and the collapse becomes inevitable (Fig. 4a). The
detailed structure of the progenitor, in particular the iron core, determines largely
the outcome of the collapse and deserves a detailed discussion (see section 2.4).
In this case, the collapse progresses in dynamical timescales of several 100 ms,
enhanced by deleptonization and cooling processes. Beyond densities of ρ ∼
1012 g cm−3 neutrinos become trapped preventing further cooling and deleptoniza-
tion. From this stage on, the collapse proceeds adiabatically inside the neutri-
nosphere, where matter reaches rapidly beta equilibrium. At ρ ∼ 2× 1014 g cm−3
nuclear interactions between nucleons become the fundamental source of pressure.
This stops the collapse abruptly as the equation of state stiffens, i.e. as matter be-
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comes less compressible. The supersonically infalling matter forms a shock at about
10 km from the centre that propagates outwards (Fig. 4b). At the time of bounce,
the shock encloses ∼ 0.5M of nuclear matter the seed that will form a neutron
star, which at this stage is known as proto-neutron star (PNS). The initial mass of
the PNS is largely fixed by the deleptonization and cooling processes driving the
collapse, which determine the local sound speed of the fluid and this, in turn, the
location of the shock formation. As a result, massive stars always end their collapse
with a bounce and the formation of a gravitationally supported object, a PNS, and
never with a prompt collapse to a black hole3.
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Fig. 4: Stages in neutrino-driven core collapse explosion: gravitational collapse (a),
core bounce (b), shock stagnation and neutrino heating (c) and shock revival (d).
Figure approximately at scale.
3 Note however that pop III stars have very massive (M > 100M) iron cores with high entropy
(s∼ 8kB per baryon) and may form black holes promptly [100].
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As the shock propagates against the infalling material of the remaining iron core,
nuclei are photo-dissociated into free nucleons. About 1051 ergs per 0.1M of in-
falling material is used in this process. This weakens the shock that stalls at about
100 km from the centre in a time of a few 10 ms (Fig. 4c). The standing shock can
survive for timescales of several 100 ms and is effectively a gigantic transducer;
during the collapse of the iron core, a gravitational binding energy of
Ebind ∼ GM
2
PNS
RPNS
∼ 1053
(
MPNS
1M
)2(30km
RPNS
)
erg (2)
is released in form of kinetic energy of the infalling material, which is then trans-
formed into thermal energy at the shock. This is the main source of energy of all
the events that will develop next. At this time the PNS is growing rapidly in mass
and has a size of about 30 km. It consists of an cold inner core of ∼ 10 km ra-
dius, composed of the unshocked material, and a thick hot envelope. The electron
neutrinosphere is located right below its surface, preventing a rapid cooling of the
PNS, which is now in thermal and beta equilibrium with neutrinos and stores about
1053 erg of thermal energy. Most of this energy is released as thermal neutrinos and
antineutrinos streaming out in diffusion timescales of a few ∼ 10 s. However, this
neutrino cooling process will not stop at that point but will continue for the next
106 yr, acting as the main cooling process in neutron stars. Under the appropriate
conditions, a small fraction of the neutrino energy, of about 1051 erg, is deposited
behind the stalled shock, which is revived disrupting the rest of the star and form-
ing a supernova explosion (Fig. 4d). This is the so-called delayed neutrino-heating
mechanism [31]. If this mechanism fails, the PNS will grow in size until its maxi-
mum mass is reached and will collapse to a black hole (see section 2.4.2).
In the region between the PNS surface and the shock, the temperature radial pro-
file is such that neutrino emission rates, responsible for the cooling, have a steeper
radial decline than neutrino absorption rates, responsible for the heating. This leads
to the formation of a gain radius, above which there is a net absorption of energy
by the fluid. This region is called the gain layer. Neutrino heating is a self-regulated
process because fluid elements being heated in the gain layer expand away, which
in turn decreases the ability of this fluid to absorb energy. This process limits the
amount of energy being released in a supernova explosion to∼ 1051 ergs and makes
the outcome of the events invoking only the delayed neutrino-heating mechanism
rather homogeneous (supernovae with additional sources of energy are discussed in
the next sections). As simple as it appears to be, heating proceeds in a rather compli-
cated way due to multidimensional processes. Ultimately, what sets the amount of
energy transferred to the shock is determined by the so-called dwell time, which is
the average time that takes for a fluid element to cross the gain layer [101, 102, 103].
Two processes increase the residence time of matter in the gain layer and are crucial
for the development of a successful explosion: convection and the standing accretion
shock instability (SASI). On the one hand, convection overturn produces plumes of
low-entropy matter that fall rapidly towards the PNS while hot bubbles of high en-
tropy, which would otherwise fall into the PNS, rise constantly up into the gain layer.
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On the other hand, the SASI [104] produces a sloshing motion of the shock due to
an unstable acoustic-advective cycle that couples the PNS surface with the shock
[105]. This instability enhances non-radial motions and helps to expand the shock,
which increases its energy deposition efficiency [103]. Which of both processes is
the dominant effect leading to the supernova explosion is still matter of intense de-
bate in the supernova modelling community. The analysis of [106] suggests that
SASI would be more favourable in cases with lower neutrino luminosity while con-
vection in cases with higher luminosities. Regardless of this details, the explosion
begins whenever the dwell time of matter in the gain layer is longer that the time
required to transfer the amount of energy necessary to unbind this matter from the
star. At this stage, the shock expands rapidly at the same time as it is continuously
being heated by neutrinos. In this runaway situation, the globally expanding shock
will gain energy for the next few seconds until reaching the final explosion energy.
The shape of the expanding shock is highly asymmetric at this stage, dominated by
either the sloshing motions produced by the SASI or by rising hot bubbles produced
by convection.
2.3.2 Numerical modelling
While we start having a clear picture of the scenario in which neutron stars are
formed, the exact conditions under which successful supernova explosions are pro-
duced are still not completely well understood. The modelling of core collapse su-
pernova requires a wide variety of physical ingredients, including among others a
nuclear physics motivated finite temperature equation of state, a detailed descrip-
tion of neutrino interactions and general relativity (see e.g. [32, 1, 33, 34], for recent
reviews). The numerical modelling of this scenario is computationally challenging
and even today, with the use of the largest scientific supercomputing facilities avail-
able, we cannot afford solving the full set of 6-dimensional Boltzmann equations,
necessary for the neutrino transport, or to use sufficiently high numerical resolution
to resolve small-scale three-dimensional turbulence that may affect the dynamics of
the system. Additionally, the problem at hand, results in a set of non-linear equations
associated with the evolution of a fluid interacting with neutrino radiation, which,
even if we could manage to solve them accurately, lead to a complex dynamics that
may behave in a stochastic and chaotic way, very sensitive to small changes in the
initial conditions. Nevertheless, a huge progress have been made in the last four
decades. We focus here on the current status of numerical modelling and mostly in
the developments of the last decade, which we hope will help the reader understand-
ing the current uncertainties in the theoretical knowledge of the scenario in which
neutron stars are born. A more complete and historical perspective of the numerical
modelling of supernova can be found e.g. in [1].
Most of the efforts have been focused in developing an accurate description for
the neutrino transport in simulations, since this is a crucial ingredient for the revival
of the supernova explosion. So far, state-of-the-art multi-energy group solvers for
three-flavour neutrino transport, including energy-bin coupling terms and velocity-
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dependent corrections, have only been possible in spherically symmetric (1D) simu-
lations [107, 108]. Under such restrictive symmetry conditions, the energy deposited
by neutrinos is not sufficient to revive the shock and simulations fail to produce suc-
cessful supernova explosions. The exception are stars with O-Ne-Mg cores (see sec-
tion 2.4). In order to tackle the multidimensional case, one has to consider approxi-
mations of the Boltzman transport equations. The two-momentum approximation is
a popular choice, in which only equations for the neutrino number, energy and mo-
mentum are solved, supplemented by an Eddington factor closure. This approach
has been used in 1D simulations [109, 110] and extended to multidimensional (2D
and 3D) simulations in the so-called ray-by-ray-plus (RbR+) scheme [111, 102]. In
this scheme a set of radial 1D problems is solved for each angle in a spherical po-
lar coordinates grid. Angular couplings appear through neutrino pressure gradients
and the advection of neutrinos trapped with the fluid in the optically thick regions.
Truly multidimensional, multi-energy schemes have been only possible in 2D. The
most sophisticated version of those are multi-group flux-limited (MGFD) schemes
[112, 113, 114, 115], specially schemes including multi-angle treatment [116, 117].
As an alternative to those computationally expensive Boltzmann solvers, a se-
ries of additional approximations have appeared in the literature: In the M1 scheme
[118], a local algebraic closure was used in the two-momentum transport equations
yielding a set of hyperbolic equations. In the isotropic diffusion source approxima-
tion (IDSA) [119], neutrino distribution is decomposed into a trapped and a free
streaming component. The fast multi-group transport (FMT) method [120, 121]
solves the stationary neutrino transport problem in a ray-by-ray fashion. The so-
called neutrino leakage scheme [122] is a simple prescription to describe cooling
and heating of energy-averaged (grey) neutrinos, which can be easily applied in
multidimensional scenarios with a ray-by-ray approach [123]. The leakage scheme
has also been extended to the multi-energy group case [124]. Although the results
of the latter series of approximations cannot be truly compared to RbR+ or MGFLD
methods, they are useful to explore a large space of physical parameter or to study
in details certain processes taking place during the explosion (e.g. instabilities, 3D
effects and magnetic fields).
Also crucial is an accurate and complete treatment of neutrino interactions with
matter. These set the emission and absorption rates, which are essential to deter-
mine neutrino luminosity and energy deposition rates at the shock driving the su-
pernova explosion. The most relevant interactions included in numerical simula-
tions (see e.g. [102, 125]) are: β processes, including neutrino and antineutrino ab-
sorption and emission processes by nucleons [126] and nuclei [127]; scattering of
neutrinos with nucleons [126], nuclei [128], electrons and positrons [129]; nucleon-
nucleon bremsstrahlung [130]; and neutrino-antineutrino annihilation to produce
either electron-positron pairs [131, 132] or different flavour neutrino-antineutrino
pairs [133]. Special care has to be taken in the computation of these interactions to
include inelastic terms in the scattering that produce an interchange of neutrino en-
ergy with their targets, Pauli blocking factors, high-density nucleon-nucleon correla-
tions and weak magnetism corrections, among others (for a more complete descrip-
tion see [1] and Chapter 9; for a particular implementation description see [134]).
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The use of incomplete sets of interactions with different corrections implemented
has been one of the sources of disagreement in the results of numerical simulations
among different supernova groups. This tendency has changed in the last few years
as the main groups have adopted a complete and accurate set of interactions, which
has facilitated direct comparisons (see e.g. [135]).
General relativity (GR) also plays an important role in the dynamics of the super-
nova explosion [136]. In comparison to Newtonian gravity, GR deepens the grav-
itational potential well leading to more compact PNSs. This increases the amount
of gravitational binding energy released during the collapse, which adds up to the
energy budget of the PNS and has a positive impact in triggering the explosion.
Full GR simulations of the core collapse scenario (e.g. [137, 138, 139, 140]) have
been performed in the BSSN formulation [141, 142]. To avoid the use of com-
putationally expensive full GR codes, several approximations have been devel-
oped. The conformally flat condition (CFC) approximation [143, 144] is a wave-
less approximation to GR, which is exact in spherical symmetry, and has been
used in core collapse simulations codes (see e.g. [145, 110, 146]). Direct com-
parisons of the CFC approach with full GR simulations have shown that dif-
ferences in the dynamics are minute [147, 137, 148]. The CFC approximation
has been reformulated (XCFC, [149]) to overcome uniqueness problems; with
this improvement it is possible to study the formation of black holes [146] and,
with the use of excision techniques [150], its posterior evolution. Second post-
Newtonian corrections to the CFC metric (CFC+, [151]) showed only quantita-
tively small differences (< 1%) in the dynamics. Another popular approxima-
tion is the use of an effective pseudo-Newtonian potential to mimic GR effects
[111, 152]. This approximation is widely used by the core-collapse community
(see e.g. [102, 153, 154, 155, 156, 157, 158, 159, 160, 161, 135]) and it produces
an excellent agreement with GR in spherical symmetry. However, it agrees only
qualitatively in the presence of fast rotation, for which either CFC of full GR are
better suited. Regarding the computation of gravitational waves, the approximate
quadrupole formula is used almost exclusively in all simulations, regardless of the
gravity treatment. This approximations has been shown to be accurate for the mildly
relativistic gravity of these system even when compared with more sophisticated
waveform extraction techniques [162].
Additionally, simulations need realistic equations of state (EOS) able to handle
a wide range of conditions present in the core collapse scenario. These general pur-
pose EOS, also known as Supernova EOS, typically can handle densities from∼ 108
to 1015 g cm−3 and finite temperature dependence to cover all steps in the collapse
from the iron core to the final neutron star. The composition is parametrised by the
value of the electron fraction because nuclear statistical equilibrium (NSE) is con-
sidered. This is possible since, for the typical conditions inside the iron core and
in the PNS, nuclear reactions occur in timescales much shorter than the dynam-
ical evolution timescales. These EOSs consider the fluid composed by a mixture
of heavy nuclei, alpha particles, photons, neutrons and protons. Several families of
EOS are available including all these conditions: LS [163], STOS [164, 165, 166],
FYSS [167, 168], HS [169], SFH [170] and SHO/SHT [171, 172]. Additional de-
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tails of those EOS and their variants can be found in the recent review by [173]
and on Chapter 6. The main uncertainties in EOS calculations are the properties
of nuclear matter, parametrised in terms of constants such as the incompressibility
modulus K and the symmetry energy J, among others. Their values are currently
constrained by nuclear physics experiments and neutron stars observations [173].
The impact of these EOS uncertainties in the dynamics of the collapse is only mod-
erate. It mainly affects three aspects: first, below nuclear density, most supernova
EOS use one average nucleus to describe all nuclei. This has an impact on electron
capture rates, which in turn affects the shock formation location and the size of the
inner core [174, 127, 175, 176, 170]. Secondly, the properties of matter at supranu-
clear densities influence the structure of the PNS. For a “soft” EOS, i.e. that pro-
ducing more compressible matter at typical post-bounce densities, more compact
PNSs are formed. This enhances neutrino emission and favours supernova explo-
sions [103, 177, 176]. Lastly, the EOS has an impact on the maximum mass that a
neutron star can support, which is relevant for the possible formation of a black hole
(see section 2.4.2).
For the treatment of the matter outside the iron core, NSE is no longer a good ap-
proximation and nuclear burning happens in longer timescales than dynamics ones.
The EOS at densities below ∼ 108 g cm−3 depends on the full composition of the
fluid in terms of the mass fractions of different isotopes, which have to be advected
with the fluid during the evolution. Therefore, at low densities, the supernova EOS
described above is matched to a full composition EOS. A popular choice is the
Timmes EOS [178, 179]. To avoid computationally intensive calculations of nu-
clear reaction networks (see e.g. [180]), phenomenological “flashing” prescriptions
have been considered (see e.g. [111, 102]) or simply NSE as a crude approach (see
e.g. [122]).
The most advanced core collapse simulations include all the physics described
above using state-of-the-art numerical methods and the best available approxima-
tions in each case. In axial symmetry (2D) recent simulations including full sets of
neutrino interactions, three-flavour neutrinos and general relativistic corrections to
the gravitational potential, have resulted in successful explosions for a wide range
of progenitors (12-25 M) using both the RbR+ approach [181, 161, 160] and 2D-
MGFLD transport [135]. Comparison among different groups shows a qualitative
agreement in the results but still differences in the time of the onset of the explo-
sion and its energy [135]. Analogous simulations with similar physical content have
been performed in 3D by [182, 183] using a ray-by-ray approach for the neutrino
transport. In both cases only low mass progenitors were considered (15 and 9.6 M
respectively) and although both cases produce successful explosions, 3D effects
weakened or enhanced the explosion with respect to 2D, depending on the work.
Similar work for a 20 M progenitor did not produced successful explosions un-
less strange-quark contributions to neutrino-nucleon scattering were considered. 2D
and 3D simulations with less sophisticated neutrino transport and incomplete neu-
trino physics [184] (3D Newtonian, IDSA transport), [185] (3D GR, M1 transport),
[186] (2D Newtonian, MGFLD transport), [187] (2D Newtonian, Boltzmann trans-
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port), [159] (2D GR, M1 transport) and [188, 189] (2D Newtonian, IDSA), have
also shown successful explosions in some cases but not in all models.
Overall, results from numerical 2D simulations show that, when an appropri-
ate and complete description of the physics involved is considered, it is possible
to produce consistently successful supernova explosions. However, the more real-
istic 3D case still proves to be a challenge. This is an indication that either the
approximations used in the simulations are not sufficiently accurate (specially re-
garding neutrino transport) or that some important physical ingredient is missing.
Unresolved hydrodynamic turbulence could be also be a problem in 3D simulations
[190, 140, 191] and should be investigated in more detail in the future.
2.4 Progenitor dependence
In section 2.3 we have described the scenario in which most neutron stars are born,
what is thought to be the typical progenitor star of most supernova explosions.
Here we discuss how this scenario changes when different progenitor are consid-
ered. There are several factors in stellar evolution that lead to differences in the
progenitors of core collapse supernovae. The main one is its mass at birth, the so-
called zero-age main-sequence (ZAMS) mass. Additionally, there are variations in
the metallicity of the environment in which the star was born, its rotation rate, and
the presence of a companion star.
2.4.1 O-Ne-Mg cores
Stars with ZAMS mass of 8−10 M, can burn carbon to produce O-Ne-Mg cores.
However, for such low mass stars, temperatures are not sufficiently high to ignite
Ne. Instead, the core, which is close to electron degeneracy, grows to a mass of
about∼ 1.34 M, close to the Chandrasekhar mass. At this point, electron captures,
the dominant process under this conditions, take over and trigger the collapse of
the core. The resulting SNe are the so-called electron capture supernovae (ECSNe)
[192, 193]. The main feature of these progenitors is that they have a very steep den-
sity gradient outside the core (see Fig. 5), with very thin carbon and helium layers
and a rapid transition to the hydrogen envelope. Due to this structure, once the core
bounces, only a small fraction of the neutrino energy is necessary to power the ex-
plosion, shortly after bounce. Numerical simulations of this scenario show that it
is possible to obtain successful explosions even in 1D models [153, 194]. This has
been confirmed by multidimensional simulations [101]. The resulting supernova ex-
plosions are weak (∼ 1050 erg) and Ni-poor. They are possibly associated with some
subluminous type II-P supernovae e.g. see [195, 196]. The Crab remnant associated
with SN 1054 is likely the result of such an explosion [197, 198].
For solar metallicity stars, the range in which O-Ne-Mg cores are formed is lim-
ited to a small interval (∼ 0.2 M) close to 9 M [201, 199]. Depending on metal-
22 P. Cerda-Duran and N. Elias-Rosa
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Mass/M
 
10
5
0
5
10
lo
g
1
0
(
/
g
cm

3
)
8.75 M
 
8.8 M
 
9.5 M
 
12 M
 
8.8 N87
12.0 WHW
Fig. 5: Density profile as a function of mass coordinate for 8.75− 12 M pre-
supernova models of [199], the 8.8 M model of [193] (N87), and a 12 M model
from [35](WHW). From these models, those with a mass of 9.5 or 12 M have
formed an iron core and the rest an O-Ne-Mag core. Vertical red lines show derived
pre-collapse masses for the two peaks in the observed neutron star distribution of
[200] (Figure reproduced from [199]).
licity and the interaction with a close companion the range of masses may shift and
widen [202, 203]. As a consequence, the ECSNe represent a contribution of ∼ 4%
to all supernovae in the local universe [201]. Comparable results are obtained when
comparing abundances of r-process elements in ECSNe simulations with observa-
tions of stars in the Galactic halo (∼ 4% of all core-collapse SNe, [204]). This results
are consistent with an estimated rate of low-luminosity type II SNe of 4−5% [205].
Neutron stars formed in this scenario are expected to have a lower mass than
typical neutron stars formed from progenitors with iron cores and appear in a very
narrow range of masses fixed by the Chandrasekhar mass of the O-Ne-Mg core
[193, 202]. Velocity kicks are also expected to be low [202], since there are neither
large asymmetries involved or a large amount of ejected mass (see section 2.4.3).
This theoretical expectation matches some evidence of a bimodal distribution in the
observed masses of neutron stars that have not undergone accretion [206, 200]. The
interpretation is that the lower and higher mass populations would correspond to a
ECSNe and iron-core SNe, respectively. However, this bimodal distribution has not
been found in a more recent analysis of the observations [207]. [200] also indicated
that the observed orbital eccentricity of neutron stars in binaries is lower in cases
with lower NS masses, which is consistent with the low velocity kicks resulting of
ECSNe.
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In the particular case of double neutron stars (DNS), population synthesis cal-
culations favour systems with an ECSNe [208]. The reason is that ECSNe produce
weaker explosions with lower mass ejecta than iron-core SNe. This prevents the
binary to unbind, leading to a low eccentricity binary neutron star. These results
are qualitatively compatible with the narrow observed distribution of NS masses in
DNS systems, with a mean mass of 1.33 M and a dispersion < 0.1 M [207, 209].
Interestingly, these are precisely the candidates for neutron star mergers. Therefore,
neutron stars formed from O-Ne-Mg cores may be crucial for understanding phe-
nomena such as short GRBs and to estimate merger rates relevant for GW detectors.
2.4.2 Iron cores in solar metallicity stars: mass dependence and black hole
formation
We consider next mass dependence in solar metallicity stars forming an iron core,
i.e. those with a mass above ∼ 9M. The evolution of massive stars with solar
metallicity to their pre-supernovae stage has been studied by a number of authors
[35, 210, 211, 212, 213, 214, 215]. These models are the result of 1D simulations in
which multidimensional effects (convection, rotation, magnetic fields, mass trans-
fer in binaries) are included in a phenomenological way (see e.g. [35]). Generally
speaking, more massive stars reach higher temperatures at the core and thus have
higher specific entropies. The thermal contribution increases the Chandrasekhar
mass, and, as a consequence, more massive stars can host larger iron cores [35].
This can be seen in the left panel of Fig. 6, which shows the dependence of the pre-
collapse iron core mass with the ZAMS mass for solar metallicity progenitors (red
and black symbols). The relation is however non monotonic due different processes
taking place at different mass ranges.
Stars with masses in the range 9−12 M form iron cores. However, their stellar
structure is somewhat similar to the O-Ne-Mg cores described in section 2.4.1, with
a steep decline in density outside the core (see 9.5 M model in Fig. 5). Numerical
simulations of the collapse of these low mass iron cores in 1D [217], 2D [218] and
3D [190], show that the resulting SN explosions are weak, resembling to ECSNe.
Although 1D simulations produce successful explosions, multidimensional effects
play here a more important role than in ECSNe, increasing the explosion energy in
about a factor 5 [190] with respect to spherical symmetry.
In the range 12− 20 M the stars are highly convective during their carbon
burning phase. Convection enhances neutrino cooling, which drives the core to-
wards degeneracy. This in turn produces light and compact iron cores. In the range
20− 30 M radiative (non-convective) carbon burning occurs, which hinders neu-
trino cooling leading to large and hot iron cores. Around 20 M, in the limit between
convective and radiative carbon burning, there is a high variability in the resulting
iron core masses and compactness [214]. However, not all features can be explained
in terms of carbon burning alone. Details in burning of O, Ne and Si, as well as
shell burning introduce a non-trivial dependence of the structure of the final iron
core as a function of the initial mass (see [35], for a review on the topic). At the
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Fig. 6: (Left) Mass inside a radius of 3000 km for progenitors up to 30 M, at the
time when the central density reaches the same value of 3×1010 g cm−3, as a func-
tion of ZAMS mass. Black and red symbols denote models forming an iron core
(“SN1987-like”) or an O-Ne-Mg core (“Crab-like”), respectively. Progenitor mod-
els are the results from simulations by [215] (WH15, squares) and [214](SW14,
crosses). The rest of the symbols are calibration models to SN 1987A (see [216], for
details). (Right) Compactness parameter ξ2.5 (see Eq. (3)) as a function of ZAMS
mass for the 200 models between 9.0 and 120 M of [214, 215] used in [216]. Note
the scale break above 32 M. (Both figures reproduced from [216])
pre-supernova stage, these stars appear as blue or red supergiants, depending on the
details of hydrogen shell burning and mixing.
In the range 30− 100 M density profiles outside the iron core become shal-
lower, due to the presence of thick shells of heavy elements. These stars experience
an important mass loss due to winds and as a result their pre-supernova masses
decrease for increasing ZAMS mass, reaching pre-supernova values of 6− 8 M.
Above 35 M these stars appear as blue variables or WR stars. If winds are able
to strip away the hydrogen envelope they may explode as type Ib/Ic SNe. Rotation
may also play an important role in the evolution and explosion of these stars, by
adding an additional source of energy (see section 2.4.5). In that case they may be
the origin of long GRBs.
Multidimensional core-collapse simulations with the most advanced microphysics
and transport have focused mainly in progenitors in the mass range 12− 30 M
[181, 161, 160, 135, 125, 183]. The lower side of this range of masses (12−18 M)
is the main contributor to all core collapse supernovae observed in the local universe
(see [27] and Section 3.3.1). SN 1987A is a peculiar example of this class, with a
blue supergiant progenitor that has been estimated to have a mass of 14−20 M and
solar metallicity [219, 220, 35]. In this mass range, simulations show that stars with
masses below 20 M result “easier” to explode (shorter time to explosion, higher
energies), while above this limit they become “harder” to explode (longer time to
explosion, lower energies). By performing a wide set of 1D simulations using a
simplified neutrino leakage scheme, [221] identified that the relevant parameter de-
termining the “explodability” of a progenitor in the compactness of the core, ξ2.5
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defined as
ξM =
M/M
R(M)/1000 km
. (3)
A small value of ξ2.5 indicates that the layers surrounding the core are extended and
that there is a steep density profile outside the core (as e.g. in O-N-Mg cores). On
the contrary, a large value of ξ2.5 indicates that the core is surrounded by a thick
envelope, where the density profile is shallow. As a result, cores with high values
of ξ2.5 are harder to explode than those with lower values4. Right panel of Fig. 6
shows the compactness of the core as a function of the progenitor ZAMS mass. The
compactness of the core is highly correlated with the mass of the iron core (compare
both panels of Fig 6, below 30 M). Above 40 M, compactness declines to a nearly
constant value, due to the significant mass loss of these stars. The compactness of
the iron core is thus relevant to determine if a progenitor star will produce a neutron
star or a black hole as a result of the collapse.
Traditionally, the onset of black hole formation has been thought to occur for
progenitors with masses above certain threshold of ∼ 30 M. But recent numerical
simulations suggest that this simple picture is likely wrong and that there are in-
terleaved intervals of masses forming either neutron stars or black holes A number
of works have addressed this issue by exploring systematically the dependence of
the supernova properties with the initial progenitor mass [222, 223, 224, 225, 216].
To be able to cover a wide range of progenitor masses and to evolve the super-
nova explosion to very late times, including the fallback into the neutron star, these
simulations were performed in spherical symmetry (1D) and with a very simplified
parametrised explosion engine. Despite of these simplifications important informa-
tion can be extracted from these simulations. We review the main results next.
Explodability: Below 15 M and in the range 25− 28 M, coinciding with low
compactness progenitors (see right panel of Fig. 6) the outcome is preferentially a
neutron star accompanied by a supernova explosion. Similarly, for masses of about
15−16 M and 22−25 M the outcome is preferentially a black hole. In the range
16− 22 M and above ∼ 28M both neutron stars and black holes can appear.
Although the ξ2.5 provides a rough guide to explain this behaviour, it is clearly in-
sufficient to explain all features observed [225, 216]; for example a star in the range
25−28 M has a larger value of ξ2.5 than one of about 15 M and nevertheless, the
latter is more likely to collapse to a black hole than the former. The introduction of
a second parameter has proven to be sufficient to explain the phenomenology of all
the 1D simulations [225].
Black hole production rate: When these results are weighted with the initial mass
function (IMF), the resulting fraction of massive stars forming black holes is about
20−30% [223, 216], increasing significantly previous estimates of∼ 10% based on
a single mass threshold model [35]. These results partially solve the so-called “SN
rate problem” [226], namely that the SN rate predicted from the star formation rate is
4 The reader should not confuse the parameter ξ2.5 with the compactness of a neutron star
(MNS/RNS) often appearing in the literature, despite of its similarity in name and definition. While
more compact neutron stars have higher values of MNS/RNS, a higher value of ξ2.5 indicates that
the core of the star is more extended (less compact).
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higher than the SN rate measured by SN surveys. It is currently unclear what would
be the observational signature of BH forming events. Even if no supernova explosion
is produced there are suggestions that some weak transient could be associated with
these events [227, 228, 229] rather than an unnovae [67] (also know as failed SNe or
dark SNe; see Section 3.3.1). A non-negligible fraction of the dim core-collapse SNe
in the very local Universe (10 Mpc), could in fact be related to BH forming events
[226]. Additionally, there are observational indications of a paucity of potential SN
progenitors (red supergiants) in the mass range 16.5−25 M [67], which could be
associated with BH forming progenitors. Direct observations of SNe progenitors are
also consistent with most of the stars above ∼ 18 M forming BHs (see [27] and
Section 3.3.1). Fast rotation has a strong influence in the behaviour of these systems
and is treated separately in the next sections.
Explosion energy: One could expect that, since ξ2.5 is related to the explodability
of the star, stars with lower value of this parameter, and thus “easier” to explode,
would produce more energetic events. However, all stars producing supernova ex-
plosions with initial masses above ∼ 10 M, have very similar explosion energies
of ∼ 1051 erg [223, 224, 216], due to the self-regulation of the delayed neutrino-
heating mechanism (see section 2.3.1). Below 10 M, regardless of whether they
have an iron core or an O-Ne-Mg core, the resulting explosions are weaker, with
energies of ∼ 1050 erg in the lowest end of the progenitor masses. The exception
are progenitors very close to the onset of black hole formation, which are very hard
to explode and produce explosion a factor of a few weaker than typical explosions.
In general, there is a positive weak correlation between Nickel mass production and
explosion energy [222, 224, 216].
Remnant mass: All simulations show that progenitors with initial masses larger
than∼ 10 M form neutron stars with an average mass of MNS ∼ 1.4M, while, be-
low this threshold, lighter neutron stars are formed with (MNS ∼ 1.2M) [224, 216].
When these results are weighted with the IMF [216], the resulting mass distribution
(see Fig. 7) is weakly bimodal, resembling the observed distribution of NS masses
[206, 200] (see discussion in section 2.4.1). In this distribution, most neutron stars
with masses above/below 1.3 M belong to progenitors with masses above/below
10 M. The higher end of neutron star masses, above 1.6 M, belong to progenitors
mostly above ∼ 20 M[224, 216], very close to the onset of black hole formation,
and that produce weak explosions. As a general result it is fair to say that, accord-
ing to current numerical modelling, the most common type of neutron stars was
formed with a mass of ∼ 1.4 M in supernova explosions of progenitors in the
range 10− 20 M. However, these numerical simulations still lack of a complete
modelling of the neutrino-heating mechanism and of important multidimensional
effects, so the predicted NS mass distribution functions have to be taken with care.
Regarding systems forming black holes, the work of [223, 224, 216] predicts masses
above ∼ 5M, producing a gap in the range ∼ 2−5 M in the remnant mass distri-
bution.
Fallback: Even if the explosion is sufficiently energetic to disrupt the star, some
of the material of the star may fall back onto the neutron star, increasing its mass and
potentially forming a black hole [230, 231]. This process occurs mainly as the super-
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Fig. 7: Distributions of neutron star masses for the explosions calculated by [216]
(colour coded), plotted against the observational data from [209]. Different colour
indicate the ZAMS mass of the progenitor star. The calibration W18 was used in
these calculations (see [216] for additional details). (Figure reproduced from [216])
nova shock crosses composition interfaces, e.g. that between the He shell and the H
envelope, with steep density declines, and a reverse shock is formed. The formation
of such a reverse shock has been observed in multidimensional simulations of the su-
pernova shock propagation through the star in 2D [232, 233] and 3D [234, 235, 236].
However, estimating the total amount of mass accreted into the NS by this process
is difficult, since it implies following the matter falling back for timescales of hours,
which is numerically challenging. This limits fallback mass estimates to 1D nu-
merical simulations [223, 225, 216]. In general, the amount of fallback material is
expected to be small, mostly in the range 10−4−10−2 M, progenitors with lower
initial mass experiencing a lower fallback accretion. In simulations by [225, 216], a
few stars of ∼ 30 M formed black holes as a result of the fallback accretion, how-
ever this mechanism does not appear to be a significant channel for BH formation.
There have been suggestions that, for weak explosions with strong fallback, it would
produce an under-luminous SN, that could explain some observed peculiar Type Ia
SN [237]. Fallback has also been invoked to explain the low magnetic field observed
in central compact objects (CCOs), young neutron stars located near the centre of
SN remnants. In this “hidden magnetic-field” scenario [238, 239, 240, 241], the
fallback material is able to bury the NS magnetic field explaining the observations
of young NSs. In a longer timescale of 1− 107 kyr, the magnetic field is able to
re-emerge explaining magnetic fields in older objects [238, 239, 240]. Numerical
simulations of the accretion of matter onto magnetised material have shown that
this mechanism is indeed feasible [242, 243, 244, 245, 246, 247]. It has been esti-
mated that it is sufficient an accreted mass of 10−3−10−2 M to bury typical NSs
magnetic fields [248]. As a consequence, it is expected that some neutron stars are
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born with hidden magnetic fields (CCOs) while other appear as regular pulsars (e.g.
Crab). This scenario could also explain the lack of NS detected in SN 1987A.
2.4.3 Supernova kicks and and binary disruption
Considering that the most of stars live in binaries [249], if the supernova explosion is
able to impart some kick velocity on the newly formed neutron star, then this could
be ejected or at least introduce some eccentricity in the resulting system. Kicks are
genuinely multidimensional effects that cannot be accounted for in the 1D numerical
simulations reviewed in the previous section, so we deal with them separately here.
There are two mechanism that produce kicks in neutron stars: asymmetries in the
supernova explosion and the ejection of large amounts of mass by the explosion.
These kicks have been observed in young neutron stars that show typical velocities
of several 100 km/s, with some neutron stars moving at more than 1000 km/s (see
e.g. [250, 251]) .
As we show in section 2.3.1, supernova explosions are likely to occur in a very
asymmetric way, tracing the multidimensional instabilities that helped to revive the
stalled shock. Therefore, the expanding shock it is likely to have some net linear
momentum in a random direction. This produces a reaction on the neutron star that,
being less massive than the envelope, can experience a sudden increase of its ve-
locity, the so called kick, in the opposite direction. Since the kick is the result of an
instability breaking the initial symmetry of the star, the resulting kick direction and
velocity are highly stochastic. Numerical simulations [252, 253] have shown that
this mechanism alone is not able to accelerate NSs to more than a few 100 km/s,
which is insufficient to explain observations. However, this initial kick is not the
final velocity of the neutron star. In longer time-scales the gravitational interac-
tion between the remnant and the slow moving massive ejecta accelerates further
the neutron star in the so called “tug-boat” mechanism [254, 255]. A series of 2D
[256, 233, 254, 255] and 3D [257, 156] simulations have shown that this mecha-
nism can explain natal kick velocities of more than 1000 km/s. The extensive study
of [156] showed that, not only the kick velocities are consistent with the observed
velocity distribution of NSs, but also the same mechanism would impart a spin in
the NS (see also [258]). The resulting NS periods, in the range 100−8000 ms, are
similar to those encountered in pulsars.
The second mechanism is specific of binaries. During a supernova explosion, the
stars loses most of its mass in very short time, compared to the orbital period of
the binary. Even if the explosion is perfectly spherically symmetric with respect to
the remnant compact object, there is always a strong asymmetry with respect to the
centre of mass of the system. That leads inevitably to a recoil of the compact object,
which acquires a kick velocity. This case can be studied analytically [259, 260] and
gives very interesting predictions. If more than half of the mass of the binary is
ejected during the explosion, the binary is disrupted, and the compact remnant flies
away (see e.g. [261]). For lower ejected masses, the kick is not able to disrupt the
system, but can introduce a significant eccentricity to the binary. Note that, unless
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the previous kick mechanism, this one has low degree of stochasticity, and it can be
predicted, which kind of binaries are likely to survive a SN explosion and which are
not. This systematic effect has important consequences in stellar evolution that are
beyond of the scope of this review (see e.g. [261], for more information).
2.4.4 Metallicity
Metallicity and rotation play an important role in stellar evolution. They may be
responsible for the wide variety of observed properties in supernova explosions and
neutron stars. There is often an interplay between both rotation and metallicity, so
we start summarising the results for non-rotating stars, and we deal with the effect
of metallicity in rotating stars in the next section.
The metallicity of the environment in which a star was born has a significant im-
pact in processes of mass loss. Metallicity increases the opacity of the envelope of
the star and allows for the formation of a radiation driven wind. As a consequence,
stars with higher metallicity have have stronger winds and hence a higher mass loss.
In the previous sections we have dealt exclusively with solar metallicity stars, which
have a significant mass loss above 20 M, and become WR stars (basically bare He
cores) above∼ 30 M. In low metallicity stars these mass limits are shifted upwards
and the typical iron cores formed are more massive, specially for the most massive
stars (see e.g. [35]). A number of authors have performed 1D stellar evolution cal-
culations of low metallicity stars [262, 263, 264, 98, 265, 266, 267, 268, 214]. The
more extreme cases can be found in population III stars. In very low metallicity
environments, stars may form with masses above 100 M. These stars produce a
copious amount of e−−e+ pairs after central carbon burning, which cools down the
star and leads to a gravitational pair instability. The outcome is either a black hole
or a thermonuclear explosion (pair-instability SN) (see [35, 2] for details), but no
neutron stars are formed.
Below ∼ 100 M, simplified 1D core collapse simulations [222, 224] show that,
since the iron core masses are in average larger for low metallicity, in stars with
initial masses above ∼ 25 M the most common outcome are black holes. In this
mass range, those stars not forming a black hole, have larger masses than in the
solar metallicity case [222, 224]. In fact, many of these neutron stars experience a
significant fallback, which is favoured under low-metallicity conditions. For initial
masses M < 25 M, the properties of the supernova explosions and the resulting
neutron stars are similar, regardless of metallicity, because these stars do not experi-
ence a significant mass during their lives. Taking the IMF into account, the fraction
of stars forming black holes could be as large as 50% at low metallicities [224].
Multidimensional simulations of low metallicity stars have been performed mainly
for fast rotating progenitors, which are discussed in the next sections.
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2.4.5 Rotation and magnetic fields
Main sequence stars rotate rapidly, with typical observed surface velocities of the
order of 200 km/s [269]. Such a high rotation rate can have important implications
on the evolution of the star and in the spin period of the remnant compact object
after the supernova explosion. Depending on whether the core is able to retain its
angular momentum during its evolution or not, the resulting iron core will produce
a neutron star with a period of about 1 ms, very promising as a progenitor of GRBs
and magnetars, or a slowly rotating neutron star, compatible with measurements of
spin periods in pulsars (see section 2.4.3 for the case of a non-rotating core). It is
thus clear that there has to be important differences in the rate of angular momentum
loss among different stars, depending on initial mass, rotation, and metallicity, to
produce the variety of events observed.
Loss of angular momentum in massive stars occurs mainly during the red su-
pergiant phase, for stars with M < 30M, or WR phase, above this limit (see e.g.
[35]). As the hydrogen envelope expands it spins down, due to angular momentum
conservation, and starts rotating differentially with respect to the core. The angular
momentum of the envelope can be extracted from the star if there is mass loss due
to winds. This process is specially important in WR stars that will lose the whole
hydrogen envelope during this phase. If there is some process transporting angular
momentum efficiently, coupling the core with the outer layers of the star, the wind
will extract angular momentum from the core as well [270]. Therefore, the final
total angular momentum of the core in the pre-supernova stage depends on both,
the efficiency of angular momentum transport processes and the amount mass lost
by winds. Mass loss depends mainly on metallicity and has been discussed in the
previous section. We focus next on angular momentum transport.
Multiple hydrodynamic instabilities contribute to the transport of angular mo-
mentum, both in convective and radiative regions [271, 272, 273]. However, in the
absence of magnetic fields, this transport is rather inefficient and leads to rapidly
rotating cores [271, 274, 213]. The main mechanism responsible for the transport
of angular momentum are magnetic fields [258, 275]. Regardless of the initial mag-
netic field, instabilities in combination with rotation can lead to the formation of a
dynamo, able to support magnetic fields during the life of the star [276]. A detailed
understanding of magnetic field dynamos in stars is a long standing problem, which
is not even completely solved for the most studied star, the Sun (see e.g. [277]). The
incorporation of magnetic fields in stellar evolution codes has only been attempted
using simplified 1D models for the magnetic torques so far [278]. In this case, for
stars with M < 30 M, magnetic torques are able to enforce rigid rotation in the star
and spin down the core by a factor 30−50 with respect to the case in which magnetic
fields are not considered, producing progenitors of pulsar-like objects. This leads to
the conclusion that, for the most common type of progenitor of core-collapse su-
pernovae, the iron core is likely to have lost most of its angular momentum during
its evolution, and the outcome of its collapse would be very similar to the case of
non-rotating progenitors, as described in section 2.3. The remaining spin of the iron
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core, in combination with the spin imparted by the SN explosion (see section 2.4.3),
would explain the variety of periods observed in most pulsars.
Furthermore, rotation accelerates burning by introducing additional mixing. This
has consequences in the mass of the core, the amount of mass loss, the colour of the
star in the late evolution (blue instead of red supergiant) and the type of supernova
producing (Type Ib/c instead of Type II) [274, 213].
2.4.6 Fast rotation: Hypernovae, long GRBs and magnetic field amplification
Massive stars with very large initial rotation velocity (∼ 400 km/s) may undergo
a completely different evolutionary path to that described in the previous sections.
Rotationally induced mixing produce stars that are chemically homogeneous and
that are able to burn efficiently all the hydrogen and skip the red supergiant phase
[279]. The result is a bare helium core without a hydrogen envelope, very similar to
a WR star. Similar situation could be reached if the star is stripped down to a he-
lium core as the result of mass transfer in a binary system [280]. In solar metallicity
environments, this helium core can still lose a significant amount of angular momen-
tum due to winds. However, for low metallicities winds cannot spin down the star
and the core is able to retain its angular momentum until the pre-supernova stage
[281, 280]. These stars can potentially form neutron stars with periods of ∼ 1 ms
or fast spinning black holes, and are potential candidates for long GRB progeni-
tors. Additionally, the absence of a hydrogen envelope would explain the observed
association of long GRBs with Type Ib/c supernovae.
Although it is not well known the exact evolutionary path that leads to the for-
mation of high spinning cores, it is clear that they are necessary to clarify the phe-
nomenology associated with long GRBs and hypernovae. For those cases, the neu-
trino heating mechanism is clearly insufficient to explain the presence of a highly
collimated jet or the energetics of the explosion in hypernovae. The current under-
standing is that, in the presence of magnetic fields, the energy stored in the rotation
of the star can be extracted and used to drive a powerful magnetorotational ex-
plosion. In some cases a relativistic jet may be produced by black hole accretion
(collapsar model, [282]) or by the presence of a millisecond magnetar [283, 284].
Fast rotation could also be an explanation for the recently discovered class of super-
luminous SNe (see [285] and Section 3.1)
Multidimensional numerical simulations of the collapse of rapidly rotating mag-
netised cores have been performed both in 2D [286, 154, 287, 288, 289, 290, 291,
292, 293] and 3D [294, 295, 296, 139, 297, 298], with different degree of sophisti-
cation in the treatment of the neutrinos. For sufficiently high initial magnetic field in
the progenitor, numerical simulations show that magneto-rotational effects help in
the explosion, producing more energetic events exploding at earlier times than the
corresponding non-magnetized models. Explosions are usually highly asymmetric
and aligned with the rotation axis. In 2D simulations mildly relativistic outflows
have been observed along the axis, but 3D simulations have shown that this effect
is likely exaggerated by the axisymmetry imposed to the system [139]. Recent 2D
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simulations have shown that, the asymmetries in the magneto-rotational explosion
make it possible to keep the accretion onto the neutron star, even after the shock ex-
pands [293]. This would allow for the formation of a black hole after the supernova
explosion, which could in turn serve as central engine for a long GRB. This would
solve the problem that, if a black hole is formed too early, no supernova explosion
would be formed.
All the simulations assume a large scale initial magnetic field in the iron core
in the range 109− 1012 G, consistent with stellar evolution results by [278]. How-
ever, this magnetic field is expected to be amplified once the proto-neutron star has
formed by the action of the magneto-rotational instability (MRI) [299]. The MRI
[300, 301] is an instability that appears in differentially rotating magnetised fluids
and was proposed as the main mechanism driving accretion in discs [302]. The MRI
is able to amplify the magnetic field and generate turbulence, so it has been invoked
in numerous times in the literature as a justification to start numerical simulations
with an artificially enhanced magnetic field strength, using as an argument that the
MRI would be responsible for this effect. However, the direct simulation of the MRI
in core collapse simulations is challenging, because it develops in very small length-
scales that require an amount of numerical resolution not feasible with present day
supercomputers (see discussion in [303]). Nevertheless, a few attempts have been
carried out using artificially enlarged magnetic fields [289, 291, 292, 297]; by in-
creasing the magnetic field the MRI length-scale grows being easier to resolve nu-
merically. However, it is unclear how close to reality are these simulations. Increas-
ing artificially the global magnetic field may not be equivalent to the turbulent state
that would be expected form the development of MRI.
To explore the amplification of the magnetic field due to the MRI, local and semi-
local simulations have been performed with the conditions present in proto-neutron
stars [304, 305, 306, 303]. The result of the simulations show that the amplification
of the magnetic field by MRI is severely limited by the presence of parasitic in-
stabilities of the Kelving-Helmholtz type. These instabilities can limit the magnetic
field amplification to a factor of about ∼ 10 [303]. Additionally, the development
of the MRI could be severely affected by the presence of neutrinos inside the neu-
trinosphere [307]. Nevertheless, MRI is able to create and sustain turbulence with
non-zero kinetic helicity. In presence of differential rotation, this turbulence could
create a large scale dynamo (see e.g. [308]) capable of generating a large scale field
similar to what is needed to power a hypernova or a GRB. The results by [297] may
be indicative that this is the case although more detailed simulations will be required
in the future to explore this possibility.
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3 Challenges and future prospects
3.1 New supernova types
As discussed previously, thanks to the current sky surveys, astronomers are col-
lecting unprecedented samples of known classes of objects, as well as discovering
novel types of stellar transients that cannot be explained with traditional explosion
channels. Some examples are described below:
• Superluminous SNe (SLSNe): Their absolute magnitude exceed −20 mag, and
may occasionally reach −22 mag, which is one order of magnitude brighter than
Type Ia SNe. They have a slow photometric evolution, and are preferentially hosted
in very faint, likely metal-poor, dwarf galaxies [309]. Most of them are H-poor
[310], though some others show evidence of H spectral lines originated in the stellar
CSM [311]. In addition, due to their intrinsic luminosity, some SLSNe have been
proposed as standardisable candle candidates to redshifts z ≈ 3-4 [312]. However,
the sample is still small (only eight to ten objects currently have enough data to
test this method) and there are still some concerns about the unknown progenitor
systems or the explosion physics. SLSNe seems to be incompatible with models
powered only by the radioactive decay chain 56Ni → 56Co → 56Fe and to favour
alternative explosion scenarios, in which the additional energy is provided by the
spin-down of a rapidly rotating young magnetar, pair-instability and/or strong inter-
action of SN ejecta with a very massive opaque CSM (e.g. see [285] and Section 2.4
for more details). No models yet provide an excellent and unique fit with observa-
tions.
• Type Ibn SNe: There is wide heterogeneity in SNe showing strong interaction with
their CSM. They can be generated in a H-rich environment as we have seen before
(Type IIn), or also by stars exploding in a He-rich medium, being labelled as Type
Ibn SNe [313]. These Ibn SNe can be luminous objects (peaking at ∼ −19 mag),
usually followed by quickly declines (∼ 0.1 mag day−1), and show a spectroscopi-
cally heterogeneity [314]. Since the discovery of its prototypical object, SN 2006jc
[88, 315], other ∼ 30 Type Ibn SNe has been observed at this time.
• Faint stripped-envelope SNe: These SNe show faint luminosity peaks (M < −15
mag), fast-evolving light curves and weird spectroscopic properties (narrow fea-
tures, very weak Si and S lines, sometimes evidence of He, and prominent [Ca II] in
the nebular phases; e.g. [316]). The possible explanation of these weird observables
are exotic explosions involving white dwarfs below the Chandrasekhar mass limit
[317], failed SN explosions, or unusual CC-SNe (e.g. fallback SNe from very mas-
sive stars or electron-capture SNe from super-AGB stars; [318] and Section 2.4).
• SN impostors: Sometimes there are sneak cases of powerful eruptions of LBVs
that mimic the true appearance of an interacting SN. The latter are commonly known
as “SN impostors” (e.g. [319]). This misclassification used to happen because the
spectra of these giant eruptions are characterized by incipient narrow hydrogen lines
in emission, like those of type IIn SNe. However, their luminosities are considerably
lower (fainter than −14 mag). Although SN impostors may not be SNe, they are in-
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cluded here because it is not clear yet their nature. A grown number of SN impostors
have interestingly heralded the terminal SN explosion, from weeks to a few years
after the outburst episode (e.g. SN 2009ip [90], LSQ13zm [320], or SN 2015bh
[321]), but some others show repeated intermediate-luminosity without leading (so
far) to a SN explosion (e.g. SN 2000ch [310], or SN 2007sv [322]). LBV stars are
the most usual channel to explain the bursty activity of the SN impostors, however,
these outburst have been also linked to lower mass stars, interacting massive bi-
nary system, or pre-SN nuclear burning instabilities. Nevertheless, the mechanisms
triggering this class of outbursts are still very poorly understood.
• Other unusual SNe:
– There are a handful of events that have broad light curves with much longer rise
times from estimated explosion to peak, like SN 2011bm [323], a Type Ic SN
with a rise time of 35 d (instead of 10-22 d for normal SNe of this class), or
Type II SN 1987A with an exceeding long rise rime of > 80 days [24]. The long
rise times suggest much larger ejected masses.
– Other objects show faster decline rates, such as SN 2005ek [324]. It is spectro-
scopically a Type Ic with a decline of 2.5−3 mag in 15 days.
– The wide range of magnitudes during the plateau phase of type II-P SNe is a well
established fact [15]. However, very faint and also luminous Type II-P exist (e.g.
[325, 326]). These rare objects can allow us to better constrain the correlation be-
tween 56Ni and progenitor mass, and to test the reliability of other tight relations
among physical parameters of Type II-P SNe, on the most and least energetic
events. An examples is SN 1997D [327], which showed a small amount of 56Ni
and narrow P-Cygni profiles, suggesting a low explosion energy.
3.2 Multi-messenger astronomy.
The core-collapse of massive stars has been associated with SNe (and long GRBs,
> 2 sec). CC-SNe are canonical examples of multi-messenger astrophysical sources
since the gravitational energy driven by the CC-SN at the time of explosion is re-
leased as ∼ 99% of neutrinos, ∼ 1% is converted to ejecta kinetic energy, ∼ 0.01 %
becomes photons, and an uncertain, though likely smaller fraction is carried away
by gravitational waves (GW).
So far, we have focused this work on electromagnetic observation of core-
collapse supernovae. However, there are additional observational channels that will
provide in the future complementary information about the scenario in which neu-
tron stars are formed: cosmic rays, neutrinos and GWs. While electromagnetic ob-
servations mainly carry information about the matter ejected during the explosion,
and on the central regions at late time, both neutrinos and GWs will allow us to
infer directly the properties of the compact remnant, and provide information about
the thermodynamics and dynamics of the SN engine. In the last decade a big effort
has been done to improve current neutrino and GW observatories to reach sensitivi-
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ties that would allow us to do multi-messenger astronomy of nearby SN explosions,
within ∼ 100 kpc.
3.2.1 Cosmic rays
The shockwaves of CC-SNe accelerate charged particles such as protons, some of
which end up raining on Earth as cosmic rays. The importance in detecting cosmic
rays is that they are the only particles detected on Earth which have traversed a
considerable distance through the ISM and which were accelerated in events such
as SN in a relatively recent past. In fact, data from Fermi Large Area Telescope
[328] have been interpreted as a fraction of primary cosmic rays originate from
a SN. However, the astrophysical source identification is complicated without any
other messenger information.
3.2.2 Neutrinos
CC-SNe emit low-energy neutrinos, as confirmed by the observations of the only re-
cent nearby supernova, SN 1987A (a few tens of MeV; e.g. see [9]). The searches for
neutrinos are based on three kind of analysis: searches for significant neutrino ex-
cess with respect to the atmospheric neutrino background, searches for anisotropies
on the sky to identify point sources, and multi-messenger searches in time and spa-
tial coincidence with other messenger signals. Having information from neutrino
observations, we may constrain the exact time of the CC bounce (with just EM in-
formation we have an uncertainty of many hours), and establish a tight correlation
with GWs. Moreover, with information from neutrinos, we will be able to set limits
on neutrino mass, and if this signal is more copious (for example a SN in the Milky
Way) we will be able to make distinctions between different theoretical models of
CC-SNe explosion. Current neutrino detectors (e.g. SuperKamiokande [329], Ice-
Cube [330] and Antares [331]) are capable of measuring neutrinos from a supernova
as far as in the Large Magellanic Cloud.
3.2.3 Gravitational waves
The last multi-messenger channel that has been opened are gravitational waves, with
the first detection of a binary black hole merger, GW150914 [332], by the Advanced
Laser Interferometer Gravitational-Wave Observatory (aLIGO). In order to be de-
tectable by GW observatories, these waves should be produced by a very dynamic
and compact relativistic system, associated to high energy processes. Sources of
GWs can be classified according to their frequency (see e.g. [333], for a review on
GW sources). High frequency sources (10− 2000 Hz) include binary mergers of
compact objects of stellar origin (NS and BH), asymmetric core-collapse of mas-
sive stars, and rotating isolated neutron stars. Low frequency sources (10−9−1 Hz)
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include the inspiral phase of binary NS, BH and white dwarfs, as well as the merger
of WD and supermassive BHs, at cosmological distances. Observations in the high
frequency range are accessible to ground-based laser interferometers such as aLIGO
[334] and Virgo [335], and the upcoming KAGRA [336] experiment, while low fre-
quency observations will be performed by space-based laser interferometers such as
LISA [337] in the range 10−4−0.1 Hz, and by the pulsar timing array (PTA) at the
lowest frequencies, 10−9−10−8 Hz [338].
Differently from the binary black hole merger case, for which reliable and accu-
rate GW templates have been developed during the last decade, the GW signal from
the core collapse case still presents many theoretical uncertainties related to the
complexity in the numerical modelling of the scenario (see Section 2.3). The signal
can be divided in two parts. The core bounce is the part of the waveform which is
best understood [339]. Its frequency (at about 800 Hz) can be directly related to the
rotational properties of the core [340, 341, 342]. However, fast-rotating progenitors
are uncommon (see Section 2.4) and this bounce signal is not likely to be observed in
non-rotating galactic events. More interesting is the signal related to the post-bounce
evolution of the newly formed proto-neutron star, which is produced by convection
and the excitation of highly damped modes in the PNS [343, 218, 146, 344, 345].
Typical duration of this signal is of ∼ 0.5 s in the case of successful SN explosions
(see e.g. [218]) but can last for seconds if the final outcome is a BH [146]. Typical
frequencies raise monotonically with time due to the contraction of the PNS, whose
mass is steadily increasing. Characteristic frequencies of the PNS can be as low as
∼ 100 Hz, specially those related to g-modes, which make them a perfect target for
ground-based interferometers with the highest sensitivity at those frequencies. In
the future, it may be possible to infer the properties of PNS based on the identifi-
cation of mode frequencies in their waveforms (see e.g. [346]). Depending on their
rotation rate, supernovae could be detected as far as 1 Mpc for extreme events, but
typical distances are more likely 1−100 kpc [347]. The rate of CC of massive stars
in the Milky Way is around 2 per century (e.g. see [348]).
One of the main challenges is the difficulty of detecting an electromagnetic coun-
terpart inside the localisation error box of the GW signal. With only two GW detec-
tors (LIGO interferometers in Hanford and Livingston), typical sky localisation is so
far poor (hundreds of square degrees) [349]. However, this will change in the near
future by the addition of new detectors to the network (advanced Virgo, KAGRA
and LIGO India), improving the sky localisation to an error box of a few 10 deg2.
The next challenge is then to detect the electromagnetic counterparts inside the error
box of GW signals. Finding these counterparts is a proof of the veracity of the origin
of the signal.
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3.3 Challenges and future prospects from an observational point of
view
3.3.1 Progenitor hunting
In previous sections we have reviewed the progenitor properties derived from the
SN observations and the direct observations of the SN site before the explosion.
This connection is crucial to test our understanding of stellar evolution. However, it
has not been found all what expected.
There is information of about 30 SN progenitors between detections and limits.
Still, none of these has an estimated luminosity above of log L/L w 5.1, which
corresponds to an initial evolutionary mass of about 18 M (except for interacting
SNe, whose progenitors seems to have high masses, but in some cases the nature of
that transients is still debated). This estimate is significantly lower than the stellar
evolution textbook value (about 25 M, and Section 2.4), or than the red supergiants
found in the Local Universe, with luminosity up to log L/L w 5.5 (approximately
initial mass of 30 M; [350]). What is more, according a typical Salpeter initial
mass function (of slope α = −2.35), a ∼ 30% of stars between 8-100 M have
masses > 18 M. Thus one would expect to have found some SN progenitor stars
with higher masses by now, which is not the case.
A good review exploring possible bias and explanations for this deficit can be
found in [27]. They discussed how the circumstellar dust or the systematic errors
in the analysis can affect the luminosity and mass estimates. However, they also
hold that these biases, although may affect our estimates, do not seem to explain the
missing mass progenitor stars.
Furthermore, it is natural to think that depending on the stellar evolution code
used for estimating the progenitor star mass, more uncertainties could be added to
the measure. Still, [27] compare the end points of three stellar evolution models
(STARS models, [98], rotating Geneva models, [274]; and KEPLER models, [212])
and show that while the use of one model or another could affect the lower mass
limit to produce a CC-SN (masses between 7 and 10 M), the high mass upper limit
appears be secure.
It has been proposed as a possible explanation that massive stars above 18 M
evolve into WR stars and evade the detection because they are too hot and faint at
the point of core-collapse. In this case they would produce Ib/c SNe, although this
disagrees with the growing evidence that the majority of Ib/c SNe comes from lower
mass stars in interacting binaries.
Another plausible explanation could be that these missed massive stars may have
collapsed without producing a detectable SN. Such events may happen when the
shock wave dies out before reaching the stellar surface, or because the stellar man-
tle fallback onto the nucleus. These failed explosions generate a black hole and
eject negligible amounts of radioactive isotopes (see also Section 2.4.2). While
these events cannot be directly observed, it is possible to detect the disappearance of
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massive stars through the comparison (subtraction) of reference “template” images
[67, 66, 351].
Advances in this field could be achieved from the collection of deep, multi-
wavelength, wide-field imaging of nearby galaxies for future SN progenitor char-
acterization. This feat is plausible by using high resolution images from HST, or
from the next generation of ground-based and space telescopes. In the near future,
key information will be obtain thanks to the wide field of the 8-m Large Synoptic
Survey Telescope (expected to start operations on 2021-2022), the fully adaptive
and diffraction-limited optics of the 39-m European Extremely Large Telescope
(planned first light for 2024), or the infrared domain of the 6.5 m mirror of the
James Webb Space Telescope (scheduled to launch in October 2018).
3.3.2 Pre-SN outbursts in SN impostors/IIn SNe
In the last years there has been some success in detecting the progenitors of inter-
acting transients, including Type IIn SNe (Section 2.2 and 3.1). The nature of these
transients remains debated: some are undoubtedly genuine core-collapse SNe, while
others may be giant non-terminal outbursts from LBVs. Observational constraints
on their progenitors can help light on their true nature. We note that classical LBVs
are not expected to explode directly as CC-SNe, and so these results are challenging
models of massive stellar evolution.
A lot of work still needs to be done to improve our knowledge on the mecha-
nisms triggering luminous stellar outbursts and major eruptions. Observational time
is needed to trace the photometric history of a these transients and to keep relaxed
monitoring of SN impostors to pinpoint any possible re-brighting of the object. In
short, only the discovery of a large number of similar transients, extensive follow-
up campaigns in a wide wavelength range, and the availability of rich archives with
deep images at different domains will allow us to give more robust conclusions on
the variety of properties of SN impostors, and how this heterogeneity is connected
to stellar parameters (mass, radius, chemical composition, rotation, binarity).
3.3.3 Flash spectroscopy
The SNe require rapid and intense follow-up to characterize their explosions.
Thanks to the current high-cadence optical surveys dedicated to the observations of
transients, it has been possible to discover new SNe only few hours after explosion.
This technique is called flash spectroscopy [352]. Some Type II SNe, like 2014G
[353], have shown narrow emission lines superimposed to a hot blue continuum,
which disappears in few days after the explosion. These emissions arise from the
photoionized surrounding CSM distributed around the exploding star, which was
previously originated through winds or violent eruption. The analysis of these early
spectra can provide unique information about the physical distribution of gas around
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each event, and therefore from the stellar evolution during the final phases before
the explosion.
Some current surveys such as ePESSTO (extension of the Public ESO Spectro-
scopic Survey of Transient Objects - PESSTO; [354]) are dedicating part of their
observational time to the classification and intensive early monitoring of Type II
SNe discovered after 2−3 d (at most) from the explosion.
3.4 Future prospects in numerical modelling
3.4.1 Advances in high performance computing
The main challenge in the numerical modelling of core collapse supernovae is asso-
ciated with the huge amount of computational resources needed for the completion
of realistic simulations. Current three-dimensional state-of-the-art numerical sim-
ulations use millions of CPU hours distributed among a few 1000 to 10000 cores
and may take months to finish. This kind of simulations can only be performed in
high performance computing (HPC) facilities, and CPU time has to be requested
in a similar fashion as observational time in observatories. The number of simula-
tions and the numerical resolution affordable by dedicated groups is limited by the
availability of CPU time and the size and number of such HPC facilities. Best su-
percomputers have a few 100 thousands of cores, a few petaflops (1015 operations
per second) of computing power and are distributed all around the world in USA
(e.g. Titan, Sequoia), Japan (e.g. K Computer), China (e.g. Tiahne2) and Europe
(e.g. FZJ, SuperMUC, Marconi).
Next generation of supercomputers will be available during the next decade and
will reach the exaflop scale, improving by a factor 1000 previous machines. In these
facilities, it will be possible to perform numerical 3D simulations with unprece-
dented numerical resolution, which will allow us to study in detail the impact of
turbulence in the explosion mechanism and its role in the amplification of the mag-
netic field due to dynamos. It will also help to increase the realism in the neutrino
transport by getting closer to solve the full 6-dimensional Boltzmann equations. Ad-
ditionally, these detailed simulations will allow to settle down the issue of whether
our current understanding of the core-collapse mechanism is sufficient to explain
typical SN events without practically any numerical uncertainty, or if there is some
unknown physical ingredient missing. Furthermore, it will allow us to explore the
connection between progenitor stars and explosion properties by performing para-
metric studies involving hundreds to thousands of 3D simulations. The challenge
here consist in developing numerical algorithms and codes that are capable to scale
in parallel to a few 105 cores. This will involve an even closer collaboration with
applied mathematicians and computer scientists.
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3.4.2 Subgrid modelling
For the high Reynolds number conditions present in PNSs (see e.g. [355]), fluid mo-
tions can break up into smaller scales in a turbulent cascade that goes down to the
dissipative scale. Resolving turbulence numerically in global numerical simulations
is a challenge, due to the smallness of the dissipative scale. In the presence of mag-
netic fields, the problem is even harder, because, under the right conditions, small
scale turbulence can develop an inverse cascade giving raise to large scale magnetic
field (see e.g. [308]). Next generation of supercomputers, will help us to under-
stand better magneto-hydrodynamc (MHD) turbulence and dynamos by means of
local simulations, but it may not allow us to resolve MHD turbulence properly in
global simulations of core-collapse supernovae. A possibility would be to do sub-
grid modelling, i.e. incorporate the effect of the small scales (e.g. turbulence) in a
phenomenological way to the equations for the large scales (bulk fluid motions).
Subgrid modelling of non-magnetized turbulence is common in other fields of sci-
ence (e.g. meteorology) and engineering (e.g. aerodynamics). Although the case of
MHD turbulence is comparably harder to model, there have been some attempts
along this line. The most well know cases are the alpha-viscosity model [356] de-
scribing angular transport in disks by MRI-driven turbulence, and the mean field
dynamo formalism [357], popular in the study of solar dynamos (see e.g. [277])
and accretion disks (e.g. [358, 359]). There has been some recent progress in this
respect in the context of binary neutron stars [360, 361]. However, applications in
the core-collapse scenario are yet to come. The challenge in subgrid modelling is
to find the proper closure relations that link small and large scales. In this respect,
local simulations may be crucial to fix the parameters and dependencies appearing
in such closures.
3.4.3 Multidimensional stellar evolution
To a great extent, the link between supernova progenitors and explosion properties
depends on the accuracy of the stellar evolution models. Nowadays, pre-supernova
models are the result of 1D calculations (see Section 2.4), where multidimensional
effects, such as convection and dynamos, are incorporated in a phenomenological
way. However, the increase in computing power will allow in the future to perform
3D simulations of the evolution of stars, or at least of the relevant phases and re-
gions, where multidimensional effects are most important (see [362] and examples
therein). This has lead to an increasing interest in the numerical study of the last
stages of the star before collapsing (see e.g. [363] and references therein). In fact,
the asymmetries at the pre-supernova stage, e.g. induced by convection, have been
suggested to help the shock revival after bounce [364, 365, 366].
Multidimensional effects also play a role in interacting binaries. They can induce
mass transfer, go through common envelope phases, or strip down the envelope of
stars. This influences the evolution of stars and can lead to completely different
evolutionary paths, e.g. to rapidly rotating cores (see Section 2.4.6). There has been
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some work in recent years trying to address the problem using multidimensional
simulations of the scenario (see e.g. [367, 368, 369]) and in the future we foresee a
great advances in the field.
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